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In this work, undoped TiO2 and Fe-doped TiO2 materials as photocatalysts for water remediation, were
synthesized using wet chemical methods (sol–gel + precipitation). Their crystalline structure, optical
and morphological properties were explored using X-ray diffraction (XRD), Fourier-transform infrared
(FTIR) and Raman spectroscopies, UV–vis diffuse reflectance (DRS) and photoluminescence (PL) spec-
troscopy, X-ray photoelectron spectroscopy (XPS), and scanning electron microscopy coupled to the
energy dispersive X-Ray spectroscopy (SEM-EDS). The photocatalytic performance of the synthesized
materials was assessed through the degradation of methyl orange (MO) under UV-A and visible-light irra-
diations. The structural study showed the existence of predominate anatase phase in all synthesized
nanomaterials. The optical study showed a widening of the band gap for Fe-doped TiO2 materials and
revealed a decrease in charge carrier’s recombination for all Fe-doped TiO2 nanomaterials compared to
undoped TiO2. The morphological study confirmed the nanometric scale of the materials particles. The
photocatalytic experiments revealed an enhanced photocatalytic activity of 0.5 %wt Fe-doped TiO2, only
under UV-A light, compared to the rest of the prepared nanomaterials. The enhanced photocatalytic
activity has been attributed to the efficient charge separation of electrons and holes.
� 2023 Published by Elsevier B.V. on behalf of King Saud University. This is anopen access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Due to the increase in the world population, around 8 billion at
present, the demand on natural resources (mines, oil, gas, water,
etc.) continues to increase. In particular, the need for drinking
water which has become an urgent matter. Our environment is
being seriously endangered by polluted water, and finding a solu-
tion to that problem has always been the driving force for the
development of water purification technology. In fact, many water
treatment methods have been implanted; yet, there are still many
limitations to be solved. Within this context (Fujishima and Honda,
1972) reported that it is possible to decompose water under ultra-
violet irradiation using TiO2 electrodes as photocatalysts. Since
then, photocatalysis process has attracted researchers’ attention
to the wastewater treatment field. Several semiconductor materi-
als have been used as photocatalysts: TiO2, ZnO, WO3, Fe2O3 CdS
and NiO (Ameta et al., 2018). Among these, TiO2 has proven to be
the most suitable for most environmental applications because it
is biologically and chemically inert, resistant to chemical corrosion
and can be used at ambient temperature and pressure, without the
need to add any chemical species.

However, TiO2 still has some limitations. In fact, it has two main
drawbacks: (i) TiO2 can only be photoexcited under UV irradiation
(with wavelengths < 387 nm) which represents only 3–5 % of the
solar spectrum; (ii) pure TiO2 has a high recombination rate of
photo-induced electrons and holes (e-/h+) are limiting its applica-
tion. To overcome these problems, great efforts have been made
to shift the optical response of TiO2 from UV to the visible light
region in order to benefit as much as possible from solar energy
and increase the charge carrier separation. So far, various
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approaches have been suggested such as mono-doping or co-
doping of TiO2 with suitable metals and/or nonmetal ions (El
Mragui et al., 2020; Thambiliyagodage and Usgodaarachchi,
2021), and combination of TiO2 with other semiconductors
(Cerdán-Pasarán et al., 2019; Prasannalakshmi and Shanmugam,
2017). Zhou et al. (2011, 2014), Sun et al. (2018) and Li et al.
(2022b, 2022a) reported many papers concerning the improve-
ment of the photocatalytic efficiency of modified and unmodified
anatase TiO2 under UV and visible light. They reported that the
ordered mesoporous anatase TiO2 exhibited better photocatalytic
activity than that of Degussa P25 TiO2 for degradation of highly
toxic 2,4-dichlorophenol under UV irradiation (Zhou et al. 2011).
Other authors (Chen et al., 2011) reported also that hydrogenated
black TiO2 could improve the full-spectrum solar absorption and
photocatalytic performance. In other papers, Sun et al. (2018)
and Li et al. (2022b, 2022a) reported that the combination of black
TiO2 with MoS2 and Cu2S in order to form hierarchical tandem
heterojunctions improves the hydrogen production under visible
light. They ascribed this excellent photocatalytic performance to
the formation of hierarchical tandem heterojunctions with suitable
band gap alignment favouring charge transfer and separation, and
the introduction of MoS2 and Cu2S extending photo-response to
NIR region.

In our earlier studies (El Mragui et al., 2019d, 2019c, 2019b,
2019a), doping the TiO2 with various transition metal cations has
been intensively attempted to extend its absorption edge into the
visible light region thereby enhancing its photocatalytic activity. In
fact, in a previous study (El Mragui et al., 2019a) on the influence of
the weight ratio of ZnO and its mode of preparation, on the physic-
ochemical and photocatalytic properties of ZnO-TiO2 nanomateri-
als, we came out with the result that the loading of TiO2 with
ZnO (prepared by the precipitation method) within the limit of
10 % by weight increased the photocatalytic activity of TiO2. Simi-
larly, other studies (El Mragui et al., 2020, 2019d, 2019c) lined up,
which included the effect of monodoping Cr, Mn, Co and Ni (within
the limit of 10 wt%) and (P, Mo), (P, W) or (Si, W) co-doping of TiO2

nanoparticles on its physico-chemical and photocatalytic proper-
ties, lined up.

The present study investigates the impact of doping TiO2 with
varying amounts of iron, offering valuable insights into the struc-
tural, optical, morphological, and photocatalytic properties of the
TiO2 affected by the doping process. The interest in this doping ele-
ment (Fe) is due to the similarity of its 3d electron configuration
with that of Ti. In addition, its cationic radii (Fe3+: 0.65 Å (Pathak
et al., 2014; Smith and Perseil, 1997); Fe2+: 0.74 Å (Ravishankar
et al., 2017)) which are comparable to that of the Ti4+ (0.68 Å) (El
Mragui et al., 2019d; Liu et al., 2017) may allow an easy substitu-
tion of Fe by Ti in TiO2 lattice. Furthermore, our interest in explor-
ing the potential of Fe as a doping element in this work was
sparked by the promising results reported in the literature which
reported that Fe-doped TiO2 has demonstrated a notable photocat-
alytic activity in degrading many organic molecules including car-
bamazepine, methylene blue and formic acid, as evidenced by El
Mragui et al. (2019b), Komaraiah et al., (2019), Majeed Khan
et al., (2019) and Sayyar et al. (2015), respectively. It is also
believed that Fe3+ ions can act as shallow charge traps within the
lattice of TiO2, which can facilitate the separation of charge carrier
and reduce the electron/hole pair recombination rate. This can
potentially extend the photo-response of TiO2 into the visible
region, thereby enhancing its photoactivity (Rauf et al., 2011;
Fawzi Suleiman Khasawneh and Palaniandy, 2021; Khan and
Swati, 2016; Sayyar et al., 2015).

In this work, undoped TiO2 and (0.5, 1 and 10 %wt) Fe-doped
TiO2 nanoparticles were synthesized via wet chemical methods.
The structural properties of the prepared samples were analyzed
by X-ray diffraction (XRD), Fourier-transform infrared (FTIR) spec-
2

troscopy, and Raman spectroscopy. The optical properties were
investigated using UV–visible (UV–Vis) diffuse reflectance (DRS)
and photoluminescence (PL) spectroscopy. The composition of
the surface of the samples and the electronic state of the main ele-
ments were examined by X-ray photoelectron spectroscopy (XPS).
The morphology and the surface composition of the samples were
examined by the scanning electron microscopy coupled to the
energy dispersive X-Ray spectroscopy (SEM-EDS). The photocat-
alytic activity of the synthesized Fe-doped and undoped TiO2 sam-
ples was assessed under both UV-A light and visible-light
irradiations, using methyl orange (MO) as an organic pollutant.
2. Materials and methods

2.1. Reagents

Iron (III) nitrate nanohydrate (FeN3O9, 9H2O; purity > 98 %) used
as a precursor of iron, titanium (IV) isopropoxide (TTIP, Ti(OCH
(CH3)2)4; purity > 99.99 %) used as precursor of titanium, isopropyl
alcohol (IPA: C3H8O; purity 99.99 %), used as a solvent in the syn-
thesis, all were purchased from Sigma Aldrich Chemicals (St. Louis,
USA). Sodium hydroxide (NaOH; purity 98 %) as a precipitation
agent and methyl orange used as a model organic pollutant (C14-
H14N3SO3Na; purity 99 %), all were purchased from Fisher Scien-
tific International Company (Hampton, USA). Deionized water
was used for the preparation of all solutions. All chemicals were
of analytic grade and used as received without further purification.

2.2. Preparation of photocatalysts

The synthesis procedure of undoped TiO2 has been described
previously (El Mragui et al., 2019a) where pure TiO2 was prepared
using the sol–gel method. While in the synthesis of Fe-doped TiO2,
combined methods of sol–gel and precipitation were used. As a
first step in the Fe-doped TiO2 synthesis, at room temperature
the TTIP (Ti(OCH(CH3)2)4) was slowly added dropwise to isopropyl
alcohol with a molar ratio of 25/1 (IPA/TTIP). Then, under continu-
ous magnetic stirring, deionized water was added dropwise (the
molar ratio of H2O/TTIP of 100/1) and a white solution was
obtained. In parallel, the required mass of iron precursor (Fe
(NO3)3), to have x% by weight of Fe in the final product, was dis-
solved in distilled water under constant stirring. While heating
up to 70 ◦C an aqueous solution of NaOH was added drop by drop.
After 90 min of stirring and heating (70 ◦C), the obtained solution
was added drop by drop to the previously prepared white solution
of TiO2. The mixture was stirred for 120 min, then filtered and
washed with distilled water and dried for 12 h in an oven at 100
◦C. The obtained product was ground and annealed at 500� C in
air for 3 h. The resulting material was noted as x%Fe-TiO2, where
x = 0.5, 1 and 10 wt%.

2.3. Characterization of photocatalysts

The crystal phase of the prepared TiO2-based photocatalysts
was performed using an X’PERT MPD_PRO diffractometer (Malvern
Panalytical Ltd, Malvern, United Kingdom) with Cu Ka radiation at
45 kV and 40 mA (k = 1.5406 Å). Fourier-transform infrared (FTIR)
spectra of the samples were recorded from 400 to 4000 cm�1 using
an FTIR spectrometer type JASCO 4100 (Jasco International, Tokyo,
Japan) and the KBr pellet method. Raman spectra were collected at
room temperature using a VERTEX 70 apparatus (Bruker Optics,
Ettlingen, Germany) with 4 cm�1 of spectral resolution. The UV–
vis diffuse reflectance spectra were taken using a JASCO V-570
spectrophotometer equipped with a Labsphere DRA-CA-30I inte-
gration sphere using BaSO4 as a standard. The room-temperature
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photoluminescence (PL) spectra were obtained with a Horiba Jovin
Fluoromax 4 spectrofluorometer (HORIBA Scientific, Amadora, Por-
tugal). The XPS analysis was performed using a Kratos AXIS Ultra
HSA, with VISION software for data acquisition to obtain the sur-
face compositions and chemical states of each element in the pre-
pared photocatalysts. The surface charge correction was made on
the assumption that the lower energy carbon C1s peak is in the ref-
erence position (285.0 eV). The fitting of peak spectra was per-
formed with the CasaXPS software, using a Gaussian-Lorentzian
peak shape and a Shirley (or linear)-type background subtraction.
The morphology and elemental composition of the TiO2-based
photocatalysts were inspected using scanning electron microscopy
(SEM) coupled with Energy Dispersive X-Ray Spectroscopy (EDS).
The SEM/EDS analysis was performed using a High resolution
(Schottky) Environmental Scanning Electron Microscope with X-
Ray Microanalysis and Electron Backscattered Diffraction analysis:
Quanta 400 FEG ESEM/EDAX Genesis X4M. The Brunauer-Emmett-
Teller (BET) surface areas were obtained at � 196 �C using an ASAP
2010 instrument.
Fig. 1. X-ray patterns of the undoped and Fe-doped TiO2 samples.
2.4. Photocatalytic degradation tests

The photocatalytic activity of the synthesized TiO2-based pho-
tocatalysts was evaluated based on the degradation of Methyl
Orange (MO), used as molecule probe, under UV-A light and visible
light irradiations. The photocatalytic experiments were carried out
at room temperature (26 ± 2 ◦C) in a homemade laboratory reactor.
Prior to the degradation process, it was important to achieve the
adsorption/desorption equilibrium of the organic impurity over
the TiO2 photocatalyst surface. Therefore, the suspension was stir-
red using a magnetic stirrer for 60 min in dark. After that, the radi-
ation was turned on to initiate the photocatalytic reaction for a
maximum of 360 min. The photoreactor system was directly
exposed to the light source in open-air conditions. In this work,
to produce UV-A and visible-light irradiations, a low-pressure lamp
(40 W, model Vilber, VL-340.BL, Eberhardzell, Germany) emitting
UV radiation at 365 nm (light intensity� 413mW/cm2) and a com-
mercial Feit White Compact Fluorescent lamp (23 W, cool daylight,
6500 K, 1311 Lumens, Mainhouse Electronic Co., Ltd, Xiamen,
China) were used, respectively. At given intervals of irradiation
times, 5 mL of suspension was withdrawn and filtered through a
0.45 lm Millipore filter. The concentration of MO in the solution
was determined by measuring the absorbance at kmax = 460 nm
using a UV–vis spectrophotometer (Shimadzu 2100 spectropho-
tometer). The photocatalytic degradation efficiency was calculated
using the following expression: MO conversion (%) = 100 �
(C0 � Ct)/C0 where C0 and Ct are the concentrations of MO before
illumination and at t irradiation time, respectively.
Fig. 2. FTIR spectra of undoped and Fe-doped TiO2 samples.
3. Results and discussion

3.1. Characterization

3.1.1. X-ray diffraction
Fig. 1 exhibits the XRD patterns of undoped and Fe-doped TiO2

samples. The XRD pattern of the undoped TiO2 shows peaks that
matched well with the characteristic diffraction peaks of standard
TiO2 anatase phase (JCPDS file card No. 21–1272) as reported in
earlier papers (El Mragui et al., 2020, 2019a). The spectra of 0.5 %
wt and 1 %wt Fe-doped TiO2 show the presence of anatase phase
exclusively, without any XRD peaks of iron oxides, indicating that
either the Fe is successfully incorporated into the crystal lattice of
anatase TiO2 or the corresponding metal oxides are well scattered
on the surface of the TiO2 particles. While, the XRD pattern of 10 %
wt Fe-doped TiO2 revealed the predominance of the anatase phase,
3

in addition to the presence of iron oxides phases represented by
the two most intense peaks positioned at 2h = 33.11� (d104) and
2h = 35.65� (d110). These peaks belonged to the Hematite a-Fe2O3

oxide (JCPDS file card No. 89–0596) (Gupta et al., 2020). A decrease
in crystallinity of Fe-doped TiO2 samples, compared to undoped
TiO2, was confirmed based on the observed decrease in anatase
peak intensity (see inset, Fig. 1). The crystallite size values for
the anatase phase of the synthesized materials were calculated
using Scherrer’s formula. The trend was not very clear, crystallite
size increased from 7.45 to 12.94 nm when doping TiO2 with
0.5 wt% iron. Then, it begins to decrease as the iron content
increases from 1.0 to 10.0 wt% where the obtained values of the
crystallite size were 7.40 and 6.68 nm, respectively. The inset in
Fig. 1 indicates the presence of a slight shift in the main peak of
anatase (101) towards the higher angle side on the 0.5 %wt Fe-
doped TiO2 XRD pattern. This shift can be explained by the alter-
ation of the host (TiO2) network resulting from the doping process.
Furthermore, it can also be associated with an increase in the crys-
tallite size of the 0.5 %wt Fe-doped TiO2 sample.
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3.1.2. FTIR spectroscopy
Fig. 2 shows the FTIR absorption spectra of the undoped TiO2

and Fe-doped TiO2 samples. All the recorded spectra showed a
broad band at 3420 cm�1 assigned to the OH bonds and also a
low-intensity signal at 1628 cm�1 assigned to the bending vibra-
tions of adsorbed H2O on the samples surface (Gupta et al., 2020;
Zhang et al., 2019). It is worth mentioning here that the presence
of the hydroxyl groups is beneficial for the photocatalytic activity
of the as-prepared TiO2 samples. The OH groups play an important
role in the photocatalytic process as the adsorbed OH� ions can
react with the photoinduced holes and generate highly reactive
hydroxide radicals (OH�). The spectrum of undoped TiO2 shows a
broad band between 410 and 880 cm�1 due to the overlapping of
several bands attributed to various vibration modes of Ti–O and
Ti– O–Ti in TiO2 (Dong et al., 2014). This band was observed also
on the spectra of Fe-doped TiO2 samples. However, we noticed a
slight shift of the center of this band to the lower wavenumber.
Choudhury and Choudhury (2012) as well as Gaur et al. (2019)
have reported similar shifting in peak position; they concluded
that this behavior is due to the formation of new metal-O bonds
created upon the substitution of Ti4+ by the doping element.
Herein, the FTIR results, are consistent with those of XRD and indi-
cate that the TiO2 lattice has undergone some changes and it is
very likely that the Ti4+ has been partially replaced by the doping
elements (Fe3+ and/or Fe2+) in the TiO2 lattice, thus resulting in
the formation of Ti-O-Fe bonds.

3.1.3. Raman spectroscopy
Raman spectroscopy analysis is a very sensitive technique for

the detection of structural defects, phase changes and bonding
modifications. For this purpose, it was used to study the changes
that occurred in the structural properties of TiO2-based samples
during doping with iron. Fig. 3 displays the Raman spectra of
undoped TiO2 and Fe-doped TiO2 samples. All spectra exhibited
six Raman active modes, characteristic of the anatase phase of
TiO2, Eg (145 cm�1), Eg (197 cm�1), B1g (397 cm�1), A1g + B1g
(516 cm�1), and Eg (640 cm�1), (Adyani and Ghorbani, 2018;
Alamgir et al., 2014). No Raman peak related to iron oxides was
detected, which indicated the predominance of the anatase phase
in the analyzed samples, reconfirming the obtained XRD results.
Nevertheless, when Fe weight ratio is increased, drastic changes
occurred in the intensity and the position of the Raman peaks of
Fe-doped TiO2 samples, especially for the Eg(1) peak at 145 cm�1

(inset of Fig. 3). These results are in good agreement with those
Fig. 3. Raman spectra of undoped and Fe-doped TiO2 samples.
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of several studies (Fagan et al., 2016; Luu et al., 2010), where the
authors associated the shifting of Raman peaks to higher
wavenumbers to the presence of phase change, bond modifica-
tions, and/or new bonds formation. In this work, the decrease in
intensity and the dislocation of the Raman peaks towards higher
wavenumbers can be linked to the bond modifications and/or for-
mation of new bonds resulting from the incorporation of iron into
the TiO2 structure, in accordance with the above-cited XRD and
FTIR results.
3.1.4. UV–vis diffuse reflectance spectroscopy
The optical properties of undoped and Fe-doped TiO2 samples

have been explored using the UV–visible absorption spectroscopy.
The obtained DRS spectra (Fig. 4) clearly showed that for wave-
lengths below to about 350 nm, TiO2 exhibited the highest absorp-
tion by comparison with the Fe-doped TiO2 samples for which the
absorbance decreased all the more the percentage of Fe increased.
The collected data served to estimate the band gap energy of the
prepared materials using Tauc’s formula (inset of Fig. 4). The esti-
mated optical band gap (Eg) value for undoped TiO2 was � 3.11 eV,
similar to that stated earlier (3.12 eV) (El Mragui et al., 2020). The
band gap values of the samples containing 0.5 %wt, 1 %wt and 10 %
wt of Fe were found to be 3.30, 3.32 and 3.27 eV, respectively.
These values indicate that the doping of TiO2 with Fe widens its
optical gap, and thus reduces the materials’ sensitivity to visible
light irradiation. Similar results were reported elsewhere (Choi
et al., 2005; Murugadoss et al., 2014). These authors associated
the increase of the band gap value and the blue shift of the mate-
rial’s absorbance to many factors such as particle size, oxygen defi-
ciency, defects in material structure, etc. (Alamgir et al., 2014).
3.1.5. Photoluminescence spectroscopy
Fig. 5 displays the typical PL spectra of undoped and the Fe-

doped TiO2 samples, recorded between 325 and 500 nm wave-
lengths with an excitation at 285 nm. The PL spectrum of undoped
TiO2 sample, shows a strong characteristic UV emission peak cen-
tered at 357 nm associated to band-to-band charge carriers (e/h+)
recombination within the band gap of TiO2 (Choudhury and
Choudhury, 2013; D’Amato et al., 2018). The center of this emis-
sion peak shifted to 359 nm on the spectra of Fe-doped TiO2, which
indicates that the optical properties of the Fe-doped TiO2 are not
the same as that of undoped TiO2. Furthermore, the recorded UV
Fig. 4. Diffuse reflectance spectra of pure TiO2 and x%Fe-TiO2 nanoparticles. Inset
the Tauc’s plots for band gap energy estimation.



Fig. 5. PL spectra of undoped and Fe-doped TiO2 samples.

Fig. 7. High-resolution spectra of Fe2p of Fe-doped TiO2 samples.
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emission peak was less intense in the Fe-doped TiO2 PL spectra,
thus suggesting that Fe doping suppressed (e-/h+) pairs recombina-
tion. The delay in the charge carrier recombination is beneficial for
increasing the photocatalytic activity of prepared samples because
more electrons and holes can participate in redox reactions
(D’Amato et al., 2018). Interestingly, the PL spectra of Fe-doped
TiO2 exhibited another emission peak at 467 nm that likely arises
from the oxygen vacancies created during the modification of TiO2

by Fe ions (D’Amato et al., 2018; Diak et al., 2017). These observa-
tions showed that the optical properties of TiO2 nanoparticles were
affected by Fe doping.
3.1.6. X-ray photoelectron spectroscopy
XPS measurements were carried out to investigate the chemical

states of the elements on the surface of undoped and Fe-doped
TiO2 samples. Fig. 6 shows the XPS full scan spectra of undoped
and Fe-doped TiO2 samples. Except of Ti, O, C, and Fe, no other ele-
ments were detected in the samples, which highlights the purity of
the prepared samples. Fig. 7 shows the high resolution XPS spectra
of Fe 2p for 1 % and 10 %wt Fe-doped TiO2 samples. Two main sig-
nals were observed at around 710.70 eV and 725 eV and were
assigned to the binding energies of Fe 2p3/2 and Fe 2p1/2 levels
(Majeed Khan et al., 2019), respectively confirming the presence
Fig. 6. Full scan XPS spectra of pure and Fe-doped TiO2 nanomaterials.
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of Fe in these samples. The deconvolution of Fe 2p3/2 and Fe
2p1/2 signals revealed the contribution of two peaks in each signal,
which may be related to the coexistence of Fe3+ and Fe2+ forms of
iron in Fe-doped TiO2 samples. It is noteworthy that the integrated
area of the spectra of Fe3+ and Fe2+ remains practically constant for
the samples 1 %Fe-TiO2 and 10 %Fe-TiO2 indicating that the per-
centage of Fe3+ and Fe2+ in the two samples is the same. Fig. 8
shows the high resolution XPS spectra of Ti 2p of the analyzed sam-
ples. Two signals corresponding to Ti 2p3/2 and Ti 2p1/2 levels are
being observed respectively at 458.5 and 464.2 eV for undoped
TiO2 (El Mragui et al., 2019d; Majeed Khan et al., 2019). These
peaks match well with the characteristic peaks of Ti4+ in anatase
phase as reported previously (El Mragui et al., 2019d). These sig-
nals were slightly shifted towards higher bending energy in the
case of Fe-doped TiO2 samples. Their deconvolution revealed the
contribution of two peaks in each one, particularly for 1 %Fe-TiO2

sample, which have been assigned to Ti3+ (at about 460 and
465 eV) and Ti4+ (at about 458.8 and 464.6 eV) forms. Indeed,
Fig. 8 clearly shows that the area of the peak Ti 2p3/2 characteristic
of Ti4+ decreased markedly from 67 % for TiO2 to 26 % for 1 %Fe-
TiO2, then increased to 51 % for 10 %Fe-TiO2. Meanwhile, the char-
acteristic peak of Ti3+ increased from 0 (for TiO2) to 42 % (for 1 %Fe-
TiO2) and decreased to 18 % (for 10 %Fe-TiO2). Fig. 9 shows the high
resolution XPS spectra of O1s electronic state of the analyzed sam-
ples. The deconvolution of O1s signals revealed the contribution of
three peaks for all samples. The first one, at around 529.8 eV, was
attributed to O2� within lattice TiO2 (Avilés-García et al., 2017;
Majeed Khan et al., 2019; Zhou et al., 2005). The second, at about
530.5 eV, was due to the presence of oxygen vacancies in the
oxygen-deficient regions within the TiO2 matrix, highlighting the
presence of oxygen vacancies in the sample. It could be also
assigned to Ti2O3 for undoped TiO2 and both Ti-O-Fe and Ti2O3 in



Fig. 8. High-resolution spectra of Ti2p of undoped and Fe-doped TiO2 samples.

Fig. 9. High-resolution spectra of O1s of undoped and Fe-doped TiO2 samples.
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the case of Fe-doped TiO2 samples. It is important to note that the
integrated area of this peak increased from 15 % (for TiO2) to 56 %
(for 1 %Fe-TiO2), then decreased to 33 % (for 10 %Fe-TiO2). This
highlights that the maximum of the number of the oxygen vacan-
cies was reached for the sample containing 1 wt% of Fe. This sug-
gests that the substitution of Ti by Fe within TiO2 lattice was
successful and more important in the case of 1 %wt Fe compared
to 10 %wt Fe. Analogous results were reported for TiO2 doped with
Co (El Mragui et al., 2020, 2019d). The last peak, at around 532 eV,
was assigned to the chemisorbed of the surface hydroxyl, adsorbed
H2O and/or adsorbed O2 (Aadnan et al., 2022; Majeed Khan et al.,
2019). A slight shift in O1s signal position should be noted for
Fe-doped TiO2 samples compared to that of undoped TiO2. This is
due to the modification of the O surrounding environment due to
Fe doping process.

3.1.7. SEM-EDS
The morphologies of the pure TiO2, 1 %Fe-TiO2 and 10 %Fe-TiO2

nanoparticles have been explored by SEM coupled to EDS for ele-
mental analysis. The resulted images are depicted in Fig. 10. It
can be seen that the undoped TiO2 particles are highly agglomer-
ated even if their shape looks spherical. The particles size distribu-
tion showed that undoped TiO2 particles size is between 8 and
10 nm. The morphologies of Fe-doped TiO2 particles remains the
same as those of undoped TiO2. This behavior suggests that neither
the doping element nor its concentration has an impact on TiO2

particles shape. Nevertheless, the average particles size showed a
slight increase when the amount of Fe increases in the sample.
Thus, it increased from about 9 nm for TiO2 to about 11 nm for
6

1 %Fe-TiO2 and about 13 nm for 10 %Fe-TiO2, suggesting that dop-
ing TiO2 could promote the crystalline growth of TiO2 particle. The
elemental study made by EDS analysis confirmed the purity of the
prepared samples by showing only signals associated to the doping
element (Fe) presented on the surface of the samples alongside to
Ti, O, C and Au, Pd (used for coating the samples). The results of the
herein morphological study are similar to those reported by
(Komaraiah et al., 2019). Except that they have observed less
aggregation for Fe-doped TiO2 samples compared to undoped TiO2.

3.1.8. Surface area
Fig. 11a shows the nitrogen adsorption/desorption isotherms of

pure TiO2 and 1 %Fe-TiO2 nanomaterials. The corresponding pore
size distribution curves, obtained using the BJH method, are shown
in Fig. 11b. As it can be seen from Fig. 11a, the two isotherms are
similar and are all of type IV according to the IUPAC classification,
and presenting a H2 hysteresis loop. This type of hysteresis is char-
acteristic of mesoporous solids for which the size distribution and
shape of the pores are not uniform. The obtained surface areas of
TiO2 and 1 %Fe-TiO2 measured using the BET method were 218
and 134 m2/g, respectively. The significant decrease in the surface
area of the sample containing Fe is probably due to the filling of the
pores of TiO2 with iron oxide nanoparticles since the obtained
average pore size (about 20 Ả) is below to that of bare TiO2 (43 Ả).

3.2. Evaluation of the photocatalytic activity

The photocatalytic activity of the undoped and Fe-doped TiO2

nanomaterials was evaluated under both UV-A and visible light
irradiation toward the methyl orange degradation (MO). We



Fig. 10. SEM-EDS images of undoped and Fe-doped TiO2 samples.

A. El Mragui, I. Aadnan, O. Zegaoui et al. Arabian Journal of Chemistry 16 (2023) 105331
remind here, that photolysis experiments were conducted in previ-
ous work under UV and visible light irradiation (El Mragui et al.,
2019d), and it has been shown that only 2.9 % of the MO was
degraded. Thus, we concluded that the contribution of light (either
UV-A or visible light) in the direct degradation of methyl orange
was minimal. Fig. 12a and b show the curves of MO removal as a
function of irradiation time under UV-A and visible light, respec-
tively, in the presence of the undoped and Fe-doped TiO2 nanoma-
7

terials. Prior to starting the irradiation for each of the
photocatalytic experiments, the reaction was kept in dark for
60 min in order to achieve the adsorption–desorption equilibrium.
It can be seen that various kinetics were obtained: under UV light
irradiation, 0.5 %Fe-TiO2 showed the highest photocatalytic activity
towards MO degradation with 98.61 % MO removal reached in
120 min, whereas undoped TiO2 showed 95.62 % MO removal for
the same duration. We observed a relationship between the photo-



Fig. 11. (a) N2 adsorption/desorption isotherm at �196 �C and (b) BJH Pore size distribution of TiO2 and 1 %Fe-TiO2 samples.

Fig. 12. MO degradation as a function of irradiation time under UV-A (a) and visible light (b) in the presence of undoped and Fe-doped TiO2 samples.
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catalytic performance of the materials under UV irradiation and
the amount of iron they contain. The more Fe is present in the sam-
ple, the lower is its photocatalytic performance. Therefore, the
slower process, with only 35.72 % MO removal, was obtained in
presence of the photocatalyst containing 10 wt% of Fe. Under visi-
ble light irradiation, in presence of undoped TiO2 only 16.3 % MO
removal has been obtained after 300 min under irradiation, which
is low compared to that obtained under UV irradiation. Undoped
TiO2 presented the best photocatalytic performance compared to
the Fe-doped TiO2 samples. Here too, the more Fe is in the sample,
the weaker its photocatalytic performance (12.5 %, 7.46 % and
5.83 % MO removal for 0.5 %Fe-TiO2, 1 %Fe-TiO2 and 10 % Fe-
TiO2, respectively).

Numerous studies have reported similar observations regarding
the effect of iron doping on the behavior of TiO2 with enhanced
photocatalytic activity being achieved for materials with low iron
content. In a successful attempt to synthesize Fe2O3-TiO2

nanocomposites with varying doping concentrations (ranging from
0.0 to 5.0 wt%), Banisharif et al. (2015) arrived at the conclusion
that samples containing 0.1 wt% Fe2O3-TiO2 exhibited the highest
photocatalytic activity when degrading trichloroethylene. In a sep-
arate study, Ramírez-Sánchez and Bandala (2018) synthesized
materials containing Fe2O3-TiO2 (ranging from 0.0 to 1.0 wt%).
The researchers observed that the photocatalytic performance of
8

0.3 wt%-Fe2O3-TiO2 was enhanced compared to that of bare TiO2.
Both studies arrived at the same conclusion: the presence of Fe
cations (at optimal levels) can serve as mediators for interfacial
charge transfer, leading to improved lifetime of e� and h+ through
electron-hole trapping at the Fe centers. As a result, the photocat-
alytic activity of the material is enhanced. Both authors found that
exceeding the optimal iron content can significantly hinder the
photocatalytic performance of the base material. This is because
a high concentration of iron can induce electron-hole recombina-
tion, which competes with the redox reactions occurring on the
photocatalyst’s surface (Banisharif et al., 2015; Carp et al., 2004;
Ramírez-Sánchez and Bandala, 2018).

Conversely, other researchers (Abbas et al., 2016; Ahmed et al.,
2013) utilized the sol–gel method to produce Fe2O3-TiO2 nanopar-
ticles and found that samples doped with 5 % and 7 % of Fe2O3

exhibited the highest photocatalytic activity for methylene blue
degradation. further increase in Fe2O3 content in TiO2 leads to lar-
ger particle sizes and a lower surface area, ultimately resulting in
reduced photocatalytic performance (Abbas et al., 2016; Ahmed
et al., 2013). It is noteworthy that this variation in optimal Fe dop-
ing content could be closely related to the particle size of the TiO2

photocatalyst, as suggested by (Zhu et al., 2004).
As for the present study, the enhanced photocatalytic activity of

0.5 wt% Fe-doped TiO2 compared to bare TiO2 can be related to the
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successful suppression of charge carrier (e-, h+) recombination, as
suggested by the PL results and in consistency with those of struc-
tural studies.

Despite the low recombination rate of electrons and holes
revealed by the PL analyses for Fe-doped TiO2 materials, their
low photocatalytic activity under visible light was expected due
to the wide band gap of TiO2 anatase (Eg = 3.11 eV) which has
become wider by doping with Fe. In fact, undoped or Fe doped
TiO2 materials are not absorbing wavelengths of visible light effi-
ciently. Thus, the (e�/h+) pairs, which play an essential role in pho-
tocatalytic reactions, are not being photogenerated efficiently
under visible-light irradiation compared to when the materials
are under UV irradiation.

4. Conclusion

In this work, undoped, 0.5 %wt, 1 %wt and 10 %wt Fe-doped TiO2

nanoparticles were successfully prepared via wet chemical by
combining sol–gel and precipitation methods. The prepared nano-
materials are used as photocatalysts for water decontamination.
The XRD, FTIR and Raman analyses results showed the predomi-
nance of anatase in all samples, and highlighted the insertion of
Fe within TiO2 lattice. The optical study conducted by DRS and
PL spectroscopy showed that doping TiO2 with Fe widen its band
gap and suppressed the charge carrier’s recombination. The XPS
results confirmed the purity of the samples, and suggested the sub-
stitution of Ti4+ by Fe3+ and/or Fe2+ within TiO2 network. The mor-
phological study showed that the shape of TiO2 particles was not
impacted by doping with Fe, however, the average size of TiO2 par-
ticles increased. The photocatalytic tests, under either UV light or
visible light in the presence of the as-prepared nanomaterials,
highlighted a strong dependence with Fe amount. It was found
that, under UV-A light irradiation, the sample containing 0.5 wt%
of Fe exhibited the best MO removal. The enhanced photocatalytic
activity has been attributed to the efficient charge separation of
electrons and holes. While under visible light irradiation, the
undoped TiO2 remains the best photocatalyst for MO removal.
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